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INTRODUCTION
Liver is one of the target organs for radiation carcinogenesis as revealed in the follow-up studies of atomic bomb survivors in Hiroshima and Nagasaki, Japan 1) and patients injected with thorotrast, an α-emitting contrast medium used from the late 1920's to early 1950's. 2, 3) Induction of liver cancer in neonatally irradiated B6C3F1 mice was also reported. 4) In order to better understand the mechanisms involved in ionizing radiation (IR)-induced liver cancer, it is necessary to better document the genetic responses of the liver to IR. By examining gene expression profiles in the liver of C57BL/6J mice irradiated with 1 Gy of γ rays, Pawlik et al. 5) reported that the primary response of liver cells to radiation exposure was the modulation of oxidoreductase activity, including members of the cytochrome p450 family and glutathione-S-transferase isozymes. Inhibition of cell proliferation, cell cycle progression and apoptosis-related genes was also suggested. 5) Roudkenar et al. 6) investigated gene expression profiles in Kupffer cells and endothelial liver cells exposed to 8.5 Gy of α-particles in vivo; they found that the liver was in an inflammatory state characterized by up-regulation of positive acute phase protein genes, irrespective of the target cells exposed to radiation.
When considering actual incidences of human exposure to IR, it is especially important to investigate the effects of IR in the low-dose-rate range, because most exposures occur within this range. However, few studies investigated genetic responses of the liver to low-dose-rate radiation. We previously analyzed gene expression modulations in the liver of C57BL/6J mice after long-term continuous irradiation with low-dose-rate γ rays, and suggested that several functional categories, such as obesity and tumorigenesis, were influenced after irradiation at a dose rate of 0.042-20 mGy/day. 7) Owing to inter-individual and experimental variability, it is usually very difficult to identify significant modulation of genes with low expression levels when performing microarray analysis in organs of irradiated animals. However, a careful analysis of microarray data could elucidate some important aspects of gene regulation, such as the presence of radiation-responding transcription factors (TFs) and the control of multiple genes by a single transcription factor, which may provide insights into the regulation of lowly expressed genes. In fact, Bonin et al. 8) performed a bioinformatics study in order to find candidate TFs involved in the regulation of low-dose IR responding genes. They revealed the key role of GATA-3 protein as a TF in the control of the cellular and molecular response of human keratinocytes exposed to 0.01 Gy of X-rays.
In the present study, we spotted candidate TFs involved in gene regulation after long-term continuous irradiation with low-dose-rate γ-rays in the mouse liver, by using our previous microarray data. 7) We suggest several TFs that might be associated with IR-modulated genes.
MATERIALS AND METHODS

Microarray data
Our previous microarray data 7) were reused (Gene Expression Omnibus database accession number: GSE20562). In those experiments, two series of long-term continuous irradiation were carried out, during which the whole body of 8week-old male C57BL/6J mice was exposed to 137 Cs γ-rays at three different dose-rates. In the first experiment, three mice per group were irradiated at a dose-rate of 0.042 mGy/ day, 0.858 mGy/day and 16.6 mGy/day for 485 days (22 h per day), corresponding to accumulated doses of 21 mGy, 420 mGy and 8,000 mGy, respectively. In the second experiment, another 3 mice per group were irradiated at 0.050 mGy/day, 1.00 mGy/day and 20.0 mGy/day for 401 days, corresponding to accumulated doses of 20 mGy, 400 mGy and 8,000 mGy, respectively. A group of unirradiated control mice was set for each irradiation experiment (3 mice in the first experiment and 6 mice in the second). Total RNA from the liver of the irradiated mice was separately subjected to the microarray analysis using Mouse Genome430 2.0 GeneChips (Affymetrix). As a result, six replicates of microarray data were generated for each of the dose-rate range group 0.042-0.050 mGy/day, 0.858-1.00 mGy/day, and 16.6-20.0 mGy/day (total 18 arrays). The RNA from unirradiated control mice was pooled within each of the two series of experiments, and the corresponding two replicates of microarray data were generated for the unirradiated control group.
Data analysis
The microarray data were analyzed with Genespring GX10.0 software (Agilent Technology), using a method different from our previous analysis, 7) because this study aimed at obtaining as many IR-modulated genes as possible, even though these genes might exhibit small modulations. After removal of genes with low expression levels (< 20th percentile) and normalization of signal intensity, the modulated genes were extracted according to the following criteria: 1) genes flagged with a change call of I (increase), MI (marginal increase), MD (marginal decrease), or D (decrease) in more than 10 out of 18 arrays for irradiated groups. "Change call" was generated by the change algorithm using Affymetrix Microarray Suite Version 5.0 software. 7) It was postulated that some genes may have been modulated by low-dose-rate radiation in a limited range of dose and /or dose rate. As these genes should be counted as modulated genes, an identical criteria for change call algorithm was adopted independently of the dose rate; 2) genes whose normalized signal intensities (NSIs) had standard deviations (SD) of lower than 0.5 in irradiated groups and the control; 3) genes showing significantly different NSIs in at least between 2 of the 3 irradiated groups and the control (one-way ANOVA, p < 0.05). Then a clustering analysis (K-means method) further sorted these genes in two groups: upregulated and down-regulated genes. The following criteria were used to search for unaffected genes: 1) genes flagged with a change call of NC (no change) in all the 18 arrays; 2) genes whose NSIs had standard deviations of lower than 0.14 in all the 3 irradiated groups and the control; 3) genes whose NSIs were modulated less than 1.14-fold between any 2 of the 3 irradiated groups and the control.
The nucleotide sequences in the neighboring regions (3 kb upstream as well as 1 kb downstream from the 5' end of the gene) of modulated and unaffected genes were retrieved from the Entrez Gene database (National Center for Biotechnology Information, http://www.ncbi.nlm.nih.gov/gene). Potential binding sites for TFs within these regions were searched with the TFSEARCH tool (http://mbs.cbrc.jp/ research/db/TFSEARCHJ.html) with a cutoff score of 85. Biased occurrence of TFs among the up-regulated, downregulated and unchanged gene groups was analyzed by a two-proportion z-test.
RTPCR analysis
The quantitative RTPCR was carried out with 7300 Real-Time PCR System (Applied Biosystems), with primers for Rbm3, Ppp1r3c, Il1rap, Fkbp5 and β-actin (XIAGEN catalog number PPM31141A, PPM26671A, PPM04203A, PPM04582B and PPM02945A, respectively). The cDNA was synthesized with RT 2 First Strand kit (QIAGEN), and fluorescence PCR amplification was performed using RT 2 Real-Time SYBR GREEN/ROX PCR master mix (QIAGEN). Relative quantification of mRNA expression was performed by the delta delta Ct (Ct) method using the expression of β-actin gene for normalization of mRNA abundances across the samples.
RESULTS AND DISCUSSIONS
IR-modulated genes and unaffected genes
Using a fold-change discrimination technique, we previously found 22 genes modulated more than 1.5-fold in response to IR. 7) In order to search for TF-binding sites associated with gene modulations, another approach was required, which would allow screening of a higher number of significantly modulated genes. Here we undertook a statistical analysis based on ANOVA (p < 0.05), which allowed us to suggest 68 modulated genes (26 up-regulated genes and 42 down-regulated genes listed in supplemental Table 1a and 1b, respectively). Expression patterns for up-regulated and down-regulated genes are represented by heat map in Fig. 1 (a) and 1(b), respectively. Eight out of the previously identified 22 low-dose-rate responding genes whose modulations have been validated with RT-PCR 7) were selected in this study. Modulation of 4 genes which have not been extracted in our previous study 7) was validated in this study as shown in Fig. 2 . Besides, we suggested 93 unaffected genes, defined as genes showing low experimental variability (SD < 0.14) and small modulation rate between irradiation groups and control (fold-change < 1.14) (supplemental Table 1c ). The overall gene expression patterns for up-regulated, down-regulated and unaffected genes are graphically shown in Figs. 1(c), 1(d) and 1(e), respectively.
Potential TF-binding sites
The nucleotide sequences in the neighboring region of the 68 modulated and 93 unaffected genes (3 kb upstream plus 1 kb downstream from their 5' end) were retrieved from the Entrez Gene database. Then, using the TFSEARCH database, we searched for TF recognition sequences. As a result, 154 potential TF-binding sites were retrieved. In order to find biased occurrence of each TF, the proportion of genes containing recognition sequences for these TFs in each gene group (up-regulated, down-regulated, unaffected) were calculated. By using a two-proportion z-test, we found 21 potential TF-binding sites with significantly different incidence between the three gene groups (up-regulated, down-regulated and unaffected genes) ( Table 1) . Depending on gene modulation patterns, these TF sites were regrouped into 5 categories: 1) TFs occurring more frequently in the up- . TF sites in the categories 1) and 2) are thought to be involved in upregulation and down-regulation, respectively, after low-doserate irradiation. TF sites in the category 3) are correlated with modulation of gene expression independently of the direction. It seems possible that TF sites in categories 4) and 5) may be involved in inactivation of up-regulation and down-regulation by radiation, respectively. We propose that the modulation of gene expression after long-term continuous irradiation with low-dose-rate γ-rays was probably influenced at least in part by a combination of these TF sites. Some TFs are thought to be activated at the transcriptional level. In fact, the microarray data showed a significant increase in the level of mRNA for Evi-1 and SREBP-1 after high-dose-rate irradiation (16.6-20.0 mGy/day, data not shown). Other TFs could be activated or inactivated after low-dose-rate irradiation by alterations of ligand levels or posttranslational modification of protein such as phosphorylation and ubiquitination.
Canonical recognition sequences and phenotypic relationships, retrieved from the TFSEARCH database, are represented in Table 2 . Among these, the glucocorticoid receptor (GR) is a noteworthy TF, which could be associated with abnormal metabolic process after exposure to low-dose-rate IR. Tanaka et al. 9 ) demonstrated a significant increase in body weights of B6C3F1 mice irradiated for 400 days at a dose rate of 21 mGy/day and 1.1 mGy/day. Nakamura et al. 10) confirmed the reproducibility of this phenomenon and found an association of adiposity in the absence of a corresponding increase in feed consumption, which is in line with earlier reports. [11] [12] [13] We also previously found a trend of elevated body weight in irradiated C57BL/6J mice. 7) Here we show that the occurrence of GR(NNN•••) was significantly higher in modulated genes than in unaffected ones, while the occurrence of GR(GGTAC•••) was higher in down-regulated genes. GR has been linked with various aspects of the metabolic syndrome, 14) such as the increased deposits of visceral fat resulting from the GR-driven over-expression of lipoprotein lipase. In the present study, we found GR sites in the acyl-CoA thioesterase 1 (Acot1) gene which is involved in lipid metabolism. This suggested a potential role of GR in (Acot1) down-regulation, which might result in a disturbance of the lipid metabolism. Alteration of GR activity and glucocorticoid signaling pathway after exposure to lowdose-rate γ-rays may be one of the underlying mechanisms for this metabolic process. Similarly, sterol regulatory element-binding protein 1 (SREBP-1) is also involved in metabolic process by mediating the final regulatory step in LDL metabolism. 15) We observed that the proportions of down-and up-regulated genes containing the SREBP-1 sites were significantly different. Olf-1 olfactory neuron-specific factor NNCNANTCCCYNGRGARNNKGN -Bonin et al. 8) showed that GATA-3, a TF mainly involved in regulation of T cell development, functions as a master regulator for the transcriptional response to irradiation with 0.01 Gy of X-rays in human keratinocytes. However, as the recognition sequence for GATA-3 was found in all of the genes examined in the present study including unaffected genes, no biased occurrence could be suggested. For this reason, we re-evaluated the proportion of genes containing the recognition sequences for GATA-3 in a smaller region, 1 kb upstream plus 0.5 kb downstream, in each of the gene groups. The resulting proportions were 0.962, 0.892, 0.833 for the up-regulated, down-regulated and unaffected gene groups, respectively. Although the difference was not statistically significant, the occurrence of GATA-3 recognition sequence in the modulated genes tended to be slightly higher than in unaffected genes.
There is a strong interest in identifying TF modulations after irradiation, because they involve broader downstream changes at the transcriptional and phenotypical levels, and are probably more meaningful than observing individual gene modulations. So far, a number of IR-inducible TFs have been identified in a variety of experimental systems, such as p53, 16, 17) octamer factor Oct-1, 18) polyamine responsive element PRE, 19) NFκB, 20, 21) AP-1 21, 22) and others. [23] [24] [25] We previously identified the involvement of AP-1 and Oct-1 elements in the radiation-induced regulation of GADD45 and CDKN1A, respectively. [26] [27] [28] Interestingly, most TFs correlated with gene modulations after low-dose-rate exposure (suggested in the present study, Table 1 ) were not included in previously identified IR-inducible TFs, except NFκB 20, 21) and AP-1. 21, 22) These results support the idea that cellular responses to low-dose-rate and high dose-rate radiation are different. 29) This is also in accord with earlier reports showing differential gene expression patterns according to dose-rate of irradiation in cultured cells. [30] [31] [32] [33] These findings will help better understand cellular responses to long-term, low-dose-rate radiation. Additional investigations are needed in order to increase our knowledge of the mechanisms underlying radiation-induced liver carcinogenesis as well as non-cancer effects.
